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The increasing demand for enantiopure molecules in the pharmaceutical and fine-chemical indus-
try requires the availability of well-characterized and efficient biocatalysts for asymmetric syntheses.
Thereby, asymmetric reduction of alkenes represents one of the most employed reactions for the produc-
tion of chiral molecules. Here, we present a novel ene-reductase from the cyanobacterium Synechococcus
sp. PCC 7942, a member of the old yellow enzyme family, capable of reducing C=C bonds in a anti-specific
fashion. We evaluated its biocatalytic potential by characterizing the substrate spectrum, cofactor prefer-
ence, stereoselectivity and biochemical properties. This NADPH-dependent flavoprotein accepted a wide
range of activated alkenes and displayed a pH optimum between pH 7.6 and pH 8.6. A C-terminal Hisg-
tag decreased the enzyme activity 2.7-fold, but did not influence the stereoselectivity. The reduction of
(R)-carvone and 2-methylmaleimide yielded (R)-products with high optical purities (98% de and >99%
ee, respectively), pointing out the applicability of this new biocatalyst in the stereoselective production
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of chiral compounds.
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1. Introduction

Over 50% of current drug candidates are developed as single
enantiomers, highlighting the increasing demand of the pharma-
ceutical industry for enantiopure compounds. Hence, the industry
has to meet the challenges of providing valuable chiral building
blocks or adequate toolboxes for the synthesis of chiral materials
[1,2].

Asymmetric reduction of C=C bonds represents one of the most
widely employed strategies for the production of chiral molecules,
because it leads to the creation of up to two stereogenic centres
[3-5]. Whereas syn-hydrogenation has reached an industrial stan-
dard using transition metal-based homogeneous catalysts [6,7],
anti-hydrogenation is still at a development stage [8]. In this field,
biocatalysis can offer great opportunities to overcome the limi-
tations of chemical synthesis, as well as provide economical and
ecological benefits [9,10].

Anti hydrogen addition can be performed using ene-reductases
(ER) [EC 1.3.1.X], which are NAD(P)H and flavin-dependent
enzymes of the old yellow enzyme (OYE) family. The substrate
spectra of these enzymes are remarkably broad ranging from
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o,3-unsaturated aldehydes, ketones, imides to nitriles, carboxylic
acids and nitro aromatics [3,11]. The reaction proceeds by a bi-bi
ping pong mechanism consisting of the hydride transfer from
NAD(P)H to the FMN cofactor, followed by the reduction of the
activated alkene by a hydride transfer from FMN [12-14].

Since the discovery of OYE in baker’s yeast in 1933 [15], numer-
ous OYE homologues have been identified in bacteria, yeast, fungi
and plants [16-23]. Although these enzymes show similarities with
regard to their substrate spectra [3], variations in enzyme activ-
ity, cofactor preference [19,24] and stereoselectivity [4,17,25,26]
promote the search for new enzymes.

Cyanobacteria represent one of the largest sub-groups of gram-
negative prokaryotes [27] and have received widespread attention
in recent years due to their capability in the biofuel production
[28]. Though cyanobacterial species are known as a valuable source
for novel bioactive compounds including therapeutics, insecticides
and anti-fouling agents [29], efforts regarding the investigation of
new useful enzymes from cyanobacteria remain sparsely [30,31].
Whole-cell biotransformations of enones were reported using the
freshwater cyanobacterium Synecococcus sp. PCC 7942 yielding
excellent stereoselectivities [32,33]. However, the efficiency of bio-
transformations using cyanobacteria was limited by the formation
of by-products (alcohols) and long reaction times [32]. Thus, here
we present a novel recombinant ene-reductase from Synechococcus
sp. PCC 7942 for the asymmetric synthesis of valuable enantiopure
materials.
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2. Materials and methods
2.1. Chemicals and enzymes

Chemicals and solvents were of analytical grade from commercial sources. Sub-
strates and reference materials were obtained from Sigma-Aldrich (Schnelldorf,
Germany). 2-Methylmaleimide and rac-2-methylsuccinimide were synthesized as
reported previously [26,34]. NMR spectra were in accordance with those reported
in the literature [26]. NADH and NADPH were purchased from Carl Roth (Karlsruhe,
Germany). Enzymes used for DNA manipulations were bought from New England
Biolabs (Frankfurt, Germany). Primers were synthesized by Metabion (Martinsried,
Germany).

2.2. Cloning

The DNA sequence of the ene-reductase from Synechoccocus sp. PCC 7942 was
obtained from the NCBI database (RefSeq ID: NC.007604). Genomic DNA from
Synechoccocus sp. PCC 7942 (Pasteur Culture Collection of cyanobacteria, Paris,
France) was used as template for the amplification of the ER gene. The PCR
was performed using Phusion® HF DNA polymerase (forward primer, pET21a(+):
5-AGAGATCATATGTCCGAATCGCTCAAACTGCTGACG-3'; reverse primer, pET21a(+):
5-AGAGATGCGGCCGCGACAGATGCTGCTTCCAAACTGGGATAG-3'; forward primer,
pETM-41: 5'-AGAGATCCATGGACATGTCCGAATCGCTCAAACTGCTGACG-3'; reverse
primer, pETM-41: 5-AGAGATGCGGCCGCTTAGACAGATGCTGCTTCCAAACTGGGA-
3'). The ER gene was integrated into pET21a(+) (Novagen, San Diego, USA) using
the restriction sites Ndel and Notl for a construct with a C-terminal Hisg-tag
(Syn7942ER-Hisg), as well as into pETM-41 (EMBL, Heidelberg, Germany) using
Ncol and Notl. The vector pETM41 contained an N-terminal Hisg-maltose-binding-
protein (Hisg-MBP) tag (Hiss-MBP-Syn7942ER), which was removed using the
tobacco etch virus (TEV) protease cleavage site to obtain the enzyme without
any tags (Syn7942ER). The constructed vectors were transformed into competent
Escherichia coli (E. coli) DH5a (Invitrogen, Carlsbad, CA, USA). After confirming the
accuracy of the constructed vector by sequencing (GATC, Konstanz, Germany), plas-
mids were transformed into E. coli BL21(DE3) (Novagen, San Diego, USA) for protein
expression.

2.3. Recombinant expression and purification

A 5mL Terrific Broth (TB) preculture supplemented with the respective antibi-
otics (50 mgL-! ampicillin for pET21a(+) and 34 mgL~" kanamycin for pETM-41)
was inoculated with a single colony from an agar plate, incubated over night at
37°C and then subcultured into 200 mL TB in 1000 mL shake flasks without baffles.
As the cell density reached an ODgg of 0.6-0.8, the protein expression was induced
by the addition of 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG). Afterwards,
cells were incubated overnight (18-20h) at 20°C and 160 rpm. After harvesting
cells by centrifugation, pellets were stored at —20°C or used directly for protein
purification.

TEV protease, Hisg-MBP-Syn7942ER fusion protein and Syn7942ER-Hisg were
purified according to a modified protocol described by Hélsch et al. [30]. Cell pel-
lets were suspended in binding buffer (20 mM sodium phosphate, 500 mM sodium
chloride, 40 mM imidazole, pH 7.4) and disrupted using 50% (v/v) glass beads
(0.25-0.5 mm; Carl Roth, Karlsruhe, Germany) for 3 min at 30Hz in a mixer mill
(Retsch, Haan, Germany). After centrifugation (47,808 x g, 4°C, 30 min), the super-
natant was filtered (0.45 wm, Minisart HF, Sartorius Stedim Biotech, Géttingen,
Germany) and applied to a 1 mL HisTrap FF crude column (GE Healthcare, Uppsala,
Sweden). Buffer exchange and concentration of purified proteins were performed
using a Vivaspin ultrafiltration device (molecular weight cutoff: 5kDa; Sartorius
Stedim Biotech, Gottingen, Germany).

2.4. Protein analysis

Protein concentration was determined using the BCA Protein Assay (Thermo
Fisher Scientific, Rockford, USA). SDS-PAGE was performed using 3% and 12.5%
Bis-Tris gels in Tris-glycine running buffer with Roti®-Mark Standard (Carl Roth,
Karlsruhe, Germany) for the estimation of the molecular mass and protein purity.
Gels were stained according to Fairbanks et al. [35].

2.5. Enzyme assay

The enzyme activity was determined by a photometric assay monitoring the
oxidation of NADPH concentration at 340 nm using a molar absorption coeffi-
cientof 6.22 mM~' cm~'.In case of ketoisophorone and 3-phenyl-2-methylpropenal
the assay was performed at 365nm using a molar absorption coefficient of
3.51mM~!'cm~'. All reactions were performed on a 200 L scale in sodium
phosphate buffer (100 mM, pH 7.0) at 30°C or 25°C using microplate spectrom-
eters (EL808, BioTek Instruments, Winooski, USA/infinite M200, Tecan, Crailsheim,
Germany).

All assays contained 10 mM maleimide and 0.5 mM NADPH, unless stated oth-
erwise. Buffers for the investigation of the pH profile were 50 mM sodium citrate,
50 mM sodium phosphate, 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS)

and 50 mM Tris-HCl applied in a pH range of pH 5.5-9.5. The effect of organic sol-
vents was studied using ethanol, 1-propanol, iso-propanol and dimethylformamide
(DMF). For the determination of kinetic parameters, 10 mM maleimide were kept
constant, whereas the concentration of NADPH was varied between 0.01 mM and
0.6 mM. Kinetic parameters were estimated according to the Michaelis—-Menten
equation [36] and data were analyzed using non-linear regression analysis (Sigma
Plot 8.0, SPSS, Chicago, USA). Investigation of the substrate spectrum was conducted
with 0.5mM NADPH using substrates at a concentration of 10 mM (added as an
ethanol solution, <5% (v/v) final ethanol concentration). Appropriate controls were
included and experiments were conducted at least in triplicates. One unit of enzyme
activity was defined as the oxidation of 1 wmol NADPH per minute. Background
oxidase activity was determined and subtracted from the specific activity.

2.6. Bioreduction on a mL-scale

The bioreduction of alkenes was carried out in 1mL sodium phosphate
buffer (100mM, pH 7.0) containing 5mM substrates (added as a DMF solu-
tion, <2% (v/v) final DMF concentration), 15mM NADH and 85 pgmL~" (2.1 uM)
Syn7942ER. The reactions were agitated at 30°C and 300 rpm (Thermomixer com-
fort, Eppendorf, Hamburg, Germany) for 24 h. The reduction of ketoisophorone
with 5-20% (v/v) ethanol, iso-propanol or DMF was performed on a 1 mL-scale
with 57 pgmL~' (1.2 .M) NADP*-dependent MycFDH C145S/D221Q/C255V [37],
250 mM sodium formate, 0.5mM NADP*, 10mM ketoisophorone and 25 pgmL~!
(0.6 M) Syn7942ER for 6h at 30°C and 150 rpm (WiseCube, Witeg Labortechnik,
Wertheim, Germany). Reactions were stopped by extraction with ethyl acetate (1:1)
containing 36 mM (R)-limonene as internal standard.

2.7. Analytical procedures

Analysis of conversion and enantiomeric excess was performed using a Var-
ian CP-3800 gas chromatograph (GC) equipped with a flame ionization detector
(FID). An Astec Chiraldex B-TA column (40 m, 0.25 mm, Sigma-Aldrich, Schnell-
dorf, Germany) was applied for the analysis of (R)-carvone, 2-methylmaleimide,
2-methyl-2-cyclopenten-1-one, 3-methyl-2-cyclohexen-1-one and the respective
reduction products as described previously [4,17,25]. Ketoisophorone and (R)-
Levodione were determined on a CP-Chirasil-DEX CB column (25m, 0.32 mm,
Agilent Technologies, Boblingen, Germany) according to [4]. The absolute config-
uration of products was identified by comparison with reference materials on chiral
GC according to the literature [4,17,25].

3. Results
3.1. Sequence analysis

The ene-reductase from the cyanobacterium Synechococcus sp.
PCC 7942 (RefSeq ID: YP-399492) was identified using the basic
local alignment search tool (BLAST) of the National Center for
Biotechnology Information (NCBI) databank [38]. The amino acid
sequence exhibited a high similarity to OPR1 from Oryza sativa (51%
identity, 66% similarity) and NemR from E. coli (49% identity, 62%
similarity). In contrast, the similarity to OYE1 from Saccharomyces
carlsbergensis and OYE2, OYE3 from Saccharomyces cerevisiae was
only moderate (40-42% identity, 56-57% similarity). A sequence
alignment with other OYE homologues (Fig. 1) demonstrated that
Syn7942ER belongs to the so-called “classical ERs” according to the
classification by Toogood et al. [3]. In addition, Syn7942ER is con-
sidered to be a monomeric protein based on the P-[LM]-T-R-X-R
pattern in the loop 1 region and the G-[FYW]-X(3)-P-G-[ILV]-
[FHYW] pattern in the loop 32 region according to Oberdorfer et al.
[39].

3.2. Cloning, protein expression and purification

Cloning of the ER gene enabled the expression of a protein
with a C-terminal Hisg-tag (Syn7942ER-Hisg) as well as a native
protein without an affinity tag (Syn7942ER). Typical yields after
protein purification were about 5.6 mg protein per gram dry cell
weight (mggpcw™!) for Syn7942ER-Hisg and 0.5mggpcw ! for
Syn7942ER. A SDS-PAGE analysis of purified Syn7942ER is shown
in Fig. 2. Purified enzymes were used for the characterization of
the substrate spectrum, cofactor preference and stereoselectivity,
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Fig. 1. Amino acid sequence alignment of Syn7942ER and known ERs from the literature. Sequence alignment was performed using Multalin [55] ERs and NCBI accession
numbers were: Syn7942ER from Synechococcus sp. PCC 7942 (YP-399492), PETNR from Enterobacter cloacae st. PB2 (AAB38683), OYE1 from Saccharomyces carlsbergensis
(Q02899), OYE3 from Saccharomyces cerevisiae (CAA97878), XenA from Pseudomonas putida (AAF02538) and Yqjm from Bacillus subtilis (P54550). ERs were classified into
“classical ERs” (Group 1) and “thermophilic-like ERs” (Group 2) according to Toogood et al. [3]. The conservation of active site residues (T38, W117, H197, N200, Y202, Y381,
OYE1 numbering) was highlighted (*) and the sequence patterns indicating the quaternary structure (white letters) were shown according to Oberdorfer et al. [39].
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Fig. 2. SDS-PAGE analysis of purified Syn7942ER. Lane M: molecular weight marker,
lane 1: crude extract, and lane 2: purified Syn7942ER (after cleavage of the Hisg-
maltose-binding-protein tag).

as well as the enzyme properties with regard to the effect of tem-
perature, pH and organic solvents.

3.3. Substrate spectrum

The substrate spectrum of Syn7942ER was studied using
22 alkenes from different substance classes (Table 1).
Syn7942ER showed high activities for maleimide derivatives
(1.35-2.37Umg1). In addition, cyclic enones were accepted with
good rates (0.26-1.16 Umg~!). Ketoisophorone, a molecule pos-
sessing two carbonyl groups, led to a higher activity (1.16 Umg~1)
compared to enones with one carbonyl group (<0.75Umg~'). In
contrast to 2-cyclohexen-1-one, a 2.9-fold lower reaction rate
was shown for the enone with a smaller ring size (2-cyclopenten-
1-one, 0.26 Umg~'). Syn7942ER accepted (R)- and (S)-carvone
with a slight preference for the (R)-enantiomer (0.61Umg~! and
0.37Umg"1, respectively). Both carbonyl and nitro groups were
accepted equally as the electron-withdrawing activating group
(0.75Umg"! for 2-cyclohexen-1-one compared to 0.83Umg™!
for 1-nitrocyclohexene). No enzyme activity was detected using
B-substituted cyclic enones (3-methyl-2-cyclopenten-1-one,
3-methyl-2-cyclohexen-1-one), enones with exocyclic C=C
bonds ((S)-/(R)-pulegone) and dicarboxylic acids (itaconic acid,
mesaconic acid).

The substrate spectrum was also investigated for Syn7942ER-
Hisg with all 22 compounds. The C-terminal Hisg-tag resulted in
an overall reduction of the specific activity by an average factor
of 2.7 £ 0.9, though it did not influence the preference for specific
substrate types (data not shown).
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3.4. Cofactor specificity and kinetic parameters and 2.80+0.29Umg"!, respectively. The C-terminal Hisg-tag
did not change the cofactor preference (NADPH:NADH ratio:
Since the preference for the cofactors NADPH and NADH differs 18:1), but it had a substantial impact on the apparent kinetic
within the members of the OYE family [24], the cofactor speci- constants for NADPH, lowering the vmax 3.1-fold and the Ky
ficity of the Syn7942ER was investigated. Syn7942ER preferred 3.6-fold.
NADPH over NADH with a ratio of 22:1. The apparent Ky, and
VUmax for NADPH with maleimide as substrate were 0.36 4+ 0.06 mM

Table 1
Substrate spectrum of Syn7942ER. Specific activities were determined at 25 °C using 10 mM substrate and 0.5 mM NADPH. nd: not detected.
Substrate Specific activity (Umg~") Substrate Specific activity (Umg~')
O

Eéz I
\
\

\

1.35+0.16 nd
maleimide
citral (cis/trans)
H O
O\ _0
JR— 2.30+0.20 nd
2-methy|ma|eimide (R) or (S)-pulegone
I
N
o 40 1.61+0.12 \/\) 1.31+0.09
trans-2-penten-1-al
2-methyl-N-
phenylmaleimide
O
O\\\ _—0 |O
— nd W 1.5740.10
citraconic anhydride frans-2-hexen-1-al
O
I
0.26+0.13 W 1.45+0.16

trans-2-octen-1-al
2-cyclopenten-1-one

2 ]
XX
nd 0.19+0.01

2-methyl-2-cyclopenten-1- 3-phenyl-2-

one methylpropenal
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Table 1 (Continued)

Substrate Specific activity (Umg~') Substrate Specific activity (Umg~')
o}
NO,
nd ij 0.83+0.03
3-methyl-2-cyclopenten- 1-nitrocyclohexene
1-one
o NO,
2-cyclohexen-1-one nitrobenzene
@] O
é\ " O)J\ a
3-methyl-2-cyclohexen-1- 1-acetyl-1-cyclohexene
O 0
H
1.16+0.02 0.52+0.06
O
ketoisophorone (S)-perillaldehyde
O
COOMe
MeooC” X
0.61+0.18 0.55+0.02
dimethyl maleate
(R)-carvone
O
COOH
\ - 0.37+0.10 HOOC nd
oW
\‘ itaconic acid
(S)-carvone
X _COOH
HOOC nd

mesaconic acid
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Table 2

1993

Bioreduction with Syn7942ER. Assays contained 86 ugmL~' (2.1 wM) purified ER, 15mM NADH and 5mM substrates (2-methyl-2-cyclopenten-1-one, 3-methyl-2-
cyclohexen-1-one, (R)-carvone, 2-methylmaleimide and ketoisophorone). Reactions were performed for 24 h at 30°C. Conversions (Conv., %) and enantiomeric excesses

(ee, %)/diastereomeric excesses (de, %) were determined by chiral GC.

Substrate Product Conv. (%) ee/de (%)
O 0]
2-methyl-2-cyclopenten-1-one S)-2-methylcyclopentanone
O O]
3-methyl-2-cyclohexen-1-one (S)-3-methylcyclohexanone
O 0]
\‘\\\
>99 99 ee/98 de
(R)-carvone (2R,5R)-dihydrocarvone
H H
N N
>99 99 ee
2-methylmaleimide 2-methylsuccinimide
0] O
\\\\\
>99 17ee
0] O
ketoisophorone (R)-levodione
93(3h) 97ee (3h)

3.5. Asymmetric reduction

The stereoselectivity of Syn7942ER was evaluated using 2-
methyl-2-cyclopenten-1-one, 3-methyl-2-cyclohexen-1-one, (R)-
carvone, 2-methylmaleimide and ketoisophorone (Table 2). The
five substrates were chosen as representatives for the substance
classes: maleimide derivatives, terpenoids and enones. In addition,
both (R)-carvone and ketoisophorone are commercially interesting
prochiral substrates.

Syn7942ER reduced 2-methylmaleimide with high rate and
stereoselectivity forming (R)-methylsuccinimide (>99% conversion
and 99% enantiomeric excess (ee)). (R)-carvone was converted in

a anti-fashion yielding (2R,5R)-dihydrocarvone with an excellent
stereoselectivity of 98% diastereomeric excess (de). Reduction of 2-
methyl-2-cyclopenten-1-one resulted in the (S)-enantiomer with
low-to-modest optical purity (76% ee). In case of ketoisophorone,
the reduction over 24 h furnished (R)-levodione with a low enan-
tiomeric excess (17% ee). The low enantiopurity was caused
by product racemization in aqueous solutions [17], given that
molecules with a stereogenic centre at the Ca position are prone to
racemise [40-42]. This was supported by the fact that the reduc-
tion of the enantiomeric excess occured after a reaction time of
3 h, reaching 97% ee at 93% conversion of ketoisophorone. No sig-
nificant influence of the C-terminal Hisg-tag was observed on the
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stereoselectivity of Syn7942ER. Thus, the C-terminal Hisg-tag did
not seem to impact the binding mode of substrates prior to the
hydride transfer from FMN.

3.6. Temperature and pH optima

Syn7942ER was characterized with regard to the effect of
temperature and pH on the enzyme activity using maleimide as
substrate (Fig. 3). A broad temperature optimum was determined
ranging from 40 °C to 47 °C. An activation energy of 63.76 k] mol~!
was calculated following the Arrhenius equation. The pH optimum
for Syn7942ER was identified between pH 7.6 and pH 8.6 with the
highest activity achieved using Tris—-HCI buffer.

3.7. Effect of salts and organic solvents

The effect of salts and co-solvents on the reaction rate of
Syn7942ER was studied in assays with maleimide. The enzyme
activity was not significantly influenced by concentrations of up to
0.3 M sodium phosphate (data not shown)and 1 M sodium chloride
(Fig. 4A). However, 3 M sodium chloride resulted in a reduction of
the enzyme activity by 31%. The effect of water miscible solvents on
the enzyme activity of Syn7942ER was investigated using ethanol,
1-propanol, isopropanol and DMF (Fig. 4B). Ethanol appeared to be
the best solvent, since the enzyme activity was not impaired by 5%
(v/v) ethanol and 80% of the enzyme activity was retained in the
presence of 20% (v/v) ethanol. In contrast, 20% (v/v) DMF led to a
reduction of the enzyme activity by 75%.

In addition, the catalytic performance of Syn7942ER was inves-
tigated in the presence of 5-20% ethanol, iso-propanol and DMF
during the bioreduction of ketoisophorone in mL-scale (Fig. 5).
Increasing amounts of organic solvents resulted in lower conver-
sions. The highest conversions were achieved using 5-10% (v/v)
ethanol and iso-propanol. At 20% (v/v), the reaction with iso-
propanol yielded a 17% lower conversion compared to ethanol. In
contrast, conversions were reduced by 13-23% at the same con-
centrations of DMF compared to isopropanol and ethanol, which
is consistent with the results of the activitiy assays. Therefore,
the enzymatic reaction rate is determined by the concentration

and choice of the organic solvent, which can impair the cat-
alytic structure and enzyme stability [9,43]. Syn7942ER exhibited
a high stereoselectivity in the formation of (R)-levodione, if the
non-enzymatic racemisation of the product in aqueous medium
is minimized (Table 2). The results indicated that the enantiopurity
of (R)-levodione decreased with higher conversions. Fryszkowska
et al. [17] showed that the enantiomeric excess of (R)-levodione
depends on the relative rates of the enzymatic reaction and the
non-enzymatic racemisation. When the reaction rate decreases
with increasing conversion, the racemisation process increases
proportionally to the product concentration (first-order reaction),
resulting in lower enantiopurities at higher conversions. The reac-
tions with DMF resulted in significant lower stereoselectivities
at similar conversions compared to the reactions with ethanol
and iso-propanol. This result indicates that organic solvents might
also influence the stereoselectivity of the enzyme or the water-
mediated racemisation [9,43].

4. Discussion

Biocatalysis is considered as a valuable option for the stereose-
lective reduction of activated C=C bonds. Not only molecules with
high optical purities can be produced using ERs, also the stereo-
chemical outcome of the reaction can be controlled by the choice
of substrate or enzyme [4,44-46]. Although ERs show similari-
ties regarding the stereochemistry of the product, both reaction
rates and optical purities of the product vary between homolo-
gous enzymes [3]. This promotes the search for new biocatalysts
performing highly stereoselective reactions.

In this paper, we have characterized a novel ER from Syne-
chococcus sp. PCC 7942 with respect to its biocatalytic potential
for the asymmetric hydrogenation. The impact of a C-terminal
Hisg-tag, which is useful for convenient protein purification, was
studied. A significant reduction in enzyme activity was observed
for Syn7942ER-Hisg without a clear preference for a specific sub-
strate type. The Ky, for NADPH was increased 3.6-fold, whereas
the stereoselectivity was not influenced. Therefore, the affinity tag
did not seem to alter the binding mode of alkenes, but probably
the hydride transfer from NADPH to FMN. Strong structural and
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functional impairments due to a C-terminal tag has been observed
for Yqjm from Bacillus subtilis of the dimeric “thermophilic-like”
group [47], which is based on the role of highly conserved
C-terminal residues in the formation of the active site and
dimer-dimer interfaces [48]. In case of PETNR from Enterobacter
cloacae st. PB2, a member of the monomeric “classical” group, in
which Syn7942ER can also be assigned to, a C-terminal tag did not

), and dimethylformamide (H ).

affect the kinetic properties at all [49]. Consequently, the effect of
C-terminal affinity tags cannot be predicted based on the structural
differences of the two proposed groups.

The current commercial interest on ERs has been derived
from their ability of generating industrial relevant compounds
with high optical purities [11]. Syn7942ER showed moderate
enzyme activities using maleimides (1.35-2.30 U mg~!)and enones
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Fig. 5. Bioreduction of ketoisophorone by Syn7942ER with 5%, 10% and 20% (v/v) co-solvents: ethanol (black circle), iso-propanol (white circle) and dimethylformamide
(black triangle). Reactions were performed in mL-scale with 57 g mL~! (1.2 uM) NADP*-dependent MycFDH C1455/D221Q/C255V, 250 mM sodium formate, 0.5 mM NADP*,

10 mM ketoisophorone and 25 ug mL~" (0.6 uM) Syn7942ER for 6 h at 30°C and 150 rpm.

Conversions and enantiomeric excesses (ee) were determined by chiral GC.



1996 Y. Fu et al. / Process Biochemistry 47 (2012) 1988-1997

(0.26-1.16 Umg~!), which are highly valuable building blocks for
polymerization processes or synthons for pharmaceutical drug
synthesis [3]. Ketoisophorone, an important intermediate for the
production of carotenoids, such as zeaxanthin and xanthoxin [50],
was converted with a reaction rate of 1.16 U mg~!. The reduction of
carvones followed reaction rates in the range of 0.37-0.61Umg!
yielding dihydrocarvones, that can be used for the synthesis of
shape memory polyesters [51], antimalarial drugs and natural
products [11].In case of (R)-carvone and ketoisophorone, the activ-
ities are comparable to those of KYE from Kluyveromyces lactis ATCC
8585 and XenA from Pseudomonas putida [19].

The notable similarity of homologous ERs regarding the
stereochemical outcome of the products [3] was also observed
for the novel Syn7942ER. The reduction of ketoisophorone, 2-
methylmaleimide and (R)-carvone furnished (R)-enantiomers.
(S)-products were derived in case of 2-methyl-2-cyclopenten-1-
one and 3-methyl-2-cyclohexen-1-one, which is similar to the
enantiopreference of PETNR [17], OYE1-3 [26] or NemR [25].
Syn7942ER reduced 2-methylmaleimide with a high enantiomeric
excess of >99% ee, consistent with published data from other ERs
[4,17,25,26]. Low enantiomeric purities resulted from the reduc-
tion of 2-methyl-2-cyclopenten-1-one. This has been also observed
for other ERs and explained by a flipped docking mode due to
the smaller ring size of the molecule [17,52]. Additionally, it is
noteworthy that (2R,5R)-dihydrocarvone was produced with the
highest enantiopurity of 98% de by the reduction of (R)-carvone
using Syn7942ER compared to published ERs from the literature
(16% de — 97% de for PETNR [17,53], MorR from P. putida M10, EBP1
from Candida albicans, NemR [25] and wild type OYE1 [54]). Only
a mutant OYE1 showed the same diastereomeric excess of 98% de
[54].

Compared to the catalytic properties of Synechococcus sp.
PCC 7942 as a whole-cell biocatalyst, similar preferences of
substrate types were observed [32,33]. In whole-cell biotransfor-
mations, the cyanobacterium showed high conversion towards
maleimide derivatives and o-methylated enones, whereas [3-
substituted enones led to low reaction rates [32,33]. Similar to
the reactions with isolated Syn7942ER, (R)-enantiomers were
obtained with >99% ee using maleimide derivatives [33]. In contrast
to Syn7942ER, which reduced (R)-carvone and ketoisophorone
furnishing (R)-enantiomers, corresponding (S)-enantiomers were
produced during whole-cell biotransformations [32]. Hence, other
enzymes besides Syn7942ER might be involved in the reduction of
activated alkenes in Synechococcus sp. PCC 7942.

In this study, we have presented a new efficient biocatalyst for
the C=C double bond reduction of activated alkenes. A novel ene-
reductase from Synechococcus sp. PCC 7942 was characterized with
regard to central aspects: substrate spectrum, cofactor preference,
stereoselectivity and biochemical properties. Its ability to reduce
a variety of activated alkenes in a highly stereoselective manner
points out the potential of cyanobacterial ene-reductases for asym-
metric reductions.
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